Developing scaffolds that can provide cells and biological cues simultaneously in the defect site is of interest in tissue engineering field. In this study, platelet lysate (PL) as an autologous and inexpensive source of growth factors was incorporated into a cell-laden injectable hyaluronic acid-tyramine (HA-TA) hydrogel. Subsequently, the effect of platelet lysate on cell attachment, viability and differentiation of human mesenchymal stem cell (hMSCs) toward chondrocytes was investigated. HA-TA conjugates having a degree of substitution of 20 TA moieties per 100 disaccharide units were prepared and crosslinked in the presence of horseradish peroxidase and low concentrations of hydrogen peroxide. The storage moduli of the gels ranged from 500 to 2000 Pa and increased with increasing polymer concentration. In contrast to a retained round shape of the cells when using pure HA-TA hydrogel, the hMSCs attached and spread out in PL enriched matrix. The enrichment of hMSCs laden HA-TA hydrogels with PL induced a cartilage like extra cellular matrix deposition in vitro. The hMSCs increasingly deposited collagen type II and proteoglycans over time. The deposition of the new extracellular matrix (ECM) is simultaneous with gel degradation and resulted ultimately in the formation of a tough dense matrix. These findings demonstrate the potential of injectable HA-TA-PL hydrogel as a cell delivery system for cartilage regeneration.
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Statement of Significance
Cartilage tissue has limited ability to self-repair because of its avascular nature. To have an efficient cartilage tissue regeneration, we combined platelet lysate (PL), as an autologous and inexpensive source of growth factors, with an injectable hyaluronic acid tyramine (HA-TA) hydrogel scaffold. Platelet lysate had a vital role in supporting human mesenchymal stem cells (hMSCs) activities, like cell attachment, viability and proliferation in the 3D hydrogel structure. Also, the hMSCs encapsulated HA-TA induced hyaline cartilage generation when placed in chondrogenic differentiation medium. This study introduces a new system for cartilage tissue engineering, which can be injected in a minimally invasive manner and is rich with patient's own growth factors and biological cues.
Ó 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
Introduction
Articular cartilage is a highly organized tissue with low-friction, wear-resistant, and load-bearing properties allowing efficient joint movement [1] . About 70% of people aged over 65 suffer from a degenerative joint disease or osteoarthritis. However, because of avascular nature of the cartilage and its limited regenerative https://doi.org/10.1016/j.actbio.2018. 10 .031 1742-7061/Ó 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. ability, the cartilage tissue is degraded progressively in case of diseases or trauma [2, 3] . To stimulate cartilage regeneration, nowadays tissue engineering concepts play an important role in the repair of damaged cartilage tissue. To temporarily fill defects and stimulate regeneration, hydrogels in combination with biological components and cells have been widely investigated as proper scaffolds [4] [5] [6] . Among all types of hydrogels, injectable hydrogels, which can be placed locally as a viscous solution and form a stable physically or covalently crosslinked network, have received much attention. These in situ forming hydrogels have the advantages of eliminating invasive surgical procedures and capability of filling irregular defects [7] [8] [9] [10] .
Both natural and synthetic polymers have been employed for the development of injectable hydrogels [4] . Among those, hyaluronic acid (HA), a linear polysaccharide and a key component in the cartilage extracellular matrix has received wide-spread attention in cartilage tissue engineering [11] [12] [13] . Hyaluronic acid is a biodegradable and biocompatible material with stimulatory effects on cell migration, proliferation, ECM secretion and differentiation [14] [15] [16] [17] [18] . The presence of functional groups like hydroxyl and carboxyl groups in HA provides anchors for various chemical modifications, important in the design and properties of injectable hydrogels [19] [20] [21] . A very efficient methodology is the enzymatic crosslinking of hyaluronic acid conjugates. In a paper on the Horseradish peroxidase crosslinking of, amongst others, tyramine conjugates of polypeptides by Kaplan and coworkers, the efficiency of this method was shown [22] . Kurisawa and coworkers were the first to prepare hyaluronic acid tyramine conjugate hydrogels and show their enzymatic crosslinking [23] . Not only Horseradish peroxidase but also other enzymes, as shown e.g. by the group of Sakai, may be used as efficient catalysts in crosslinking reactions of polysaccharide conjugates [24] . Enzymatic crosslinking as a method to in situ forming hydrogels can be applied under mild conditions in the presence of low concentrations of hydrogen peroxide (H 2 O 2 ). By changing the amount of the enzyme and H 2 O 2 , and also degree of substitution (DS) of tyramine groups to the HA, the gelation time, mechanical strength and degradation properties of the hydrogels can be tuned [23, 25, 26] .
Hydrogels can be used as scaffolds for cell therapy, as they are able to mimic the native ECM with their high water content and soft structure [27] . They can protect cells from local biochemical influences and enhance cell viability, proliferation and retention [25, [28] [29] [30] . Cells can be located in the structure of in situ forming hydrogels by suspending them homogeneously in the precursor solutions prior to gelation. Among different types of cells, stem cells are a good candidate for tissue regeneration purposes because of their self-renewal ability, and potential to differentiate into many cell types [31, 32] . However, similarly as in natural tissue regeneration, physical and chemical factors are needed to stimulate cellular activities like cell adhesion sites and the presentation of soluble factors including cytokines and growth factors [33] .
Platelet lysate (PL) contains, amongst major proteins like albumin and fibrinogen, a cocktail of autologous growth factors and biochemical signals and is obtained from the peripheral blood of patients. In some studies it was shown that platelet lysate potentiates cell proliferation, migration and also chondrogenic differentiation [34] [35] [36] [37] . Platelet concentrates are utilized in the medical field for their availability, cost effectiveness and autologous nature [36, 38] . PL loaded scaffolds have more recently been investigated for cartilage [37] and bone [39] regeneration, and also wound healing [40] . As a new therapy for osteoarthritis (OA), autologous platelet rich plasma (PRP) was injected in the knee joint 2 or 3 times weekly [41, 42] . Preliminary results indicated that PRP is safe and can reduce pain and improve joint function [43] [44] [45] [46] . However, despite the promising findings, the efficacy of using PRP for treating cartilage defect has remained controversial [47] [48] [49] . Variation in the platelet concentration provided by different preparation protocols may have a large impact on the clinical outcomes. Also, the growth factors content in the platelets is different between individuals which may affect the healing process [50] .
In this study, tyramine conjugated hyaluronic acid was synthesized and physical properties of the enzymatically crosslinked hydrogel like gelation times, swelling ratio and storage moduli were evaluated. PL, as an autologous source of different bioactive proteins, and human mesenchymal stem cells were incorporated in the injectable hyaluronic acid-tyramine (HA-TA) hydrogel and the effect of PL on viability, proliferation and chondrogenic differentiation of the encapsulated stem cells were studied. The expression of cartilage markers was analyzed using real-time PCR, and the production of a cartilage-specific matrix like proteoglycans and collagen type II were examined. Developing such a system, which is injected in a minimally invasive manner and is rich with patient's own growth factors and biological cues, can be used for cartilage repair with expectedly superior outcome compared to PL injection in office settings.
Materials and methods

Materials
Sodium hyaluronate (MW = 70 kDa) was purchased from HTL SAS (Javené, France) and used without further purification.
, and horseradish peroxidase (HRP, 325 units/mg solid), Hyaluronidase from bovine testes (lyophilized powder, 400-1000 units/mg), MES hemisodium salt dry powder, were obtained from Sigma-Aldrich and used without further purification. Phosphate buffered saline (PBS, 10 mM, pH 7.4) was purchased from Lonza. All other solvents were purchased from Biosolve (Valkenswaard, The Netherlands) and used as received. Platelet lysate and Heparin sodium salt solution (5000 U/ml) were purchased from PL BioScience (Aachen, Germany)
Synthesis of HA-TA
Typically, sodium hyaluronate (1.0 g, 2.5 mmol of COOH groups) was dissolved in 30 mL of PBS. EDAC (1.0 g, 5.2 mmol) and NHS (1.3 g, 11.3 mmol) were added and the solution was stirred for 2 h. The product was precipitated in cold ethanol, filtered and washed with ethanol and finally diethyl ether. The polymer with NHS activated COOH groups (1.0 g) was dissolved in 30 mL of 0.1 M MES buffer. Tyramine (385 mg, 2.8 mmol) was dissolved in 4 mL of DMF and added to the solution. The pH of the solution before tyramine addition was 6.1 and after that was directly adjusted to pH 7 by the addition of 2 M HCL. After overnight stirring, the resulting solution was precipitated in cold ethanol, filtered and washed with ethanol and finally diethyl ether. The resulting white powder was dissolved in MilliQ-water and dialyzed (Pre-wetted RC tubing, Spectrum Labs, MWCO 1000), first against 100 mM sodium chloride solution for 2 days, followed by a mixture of distilled water and ethanol (5:1) for 1 day and MilliQ-water for 1 day. The HA-TA conjugate was obtained after lyophilization as a white foam. The degree of substitution (DS), defined as the number of substituted groups per 100 disaccharide units, was calculated from 1 H NMR (D 2 O) spectral data by comparing the integral values of the aromatic protons of tyramine (peaks at 6.86 and 7.17 ppm) and the methyl protons of HA (1.9 ppm).
Hydrogel preparation and gelation time
The HA-TA was dissolved in PBS at concentrations of 1, 2 or 4% w/v. A freshly made HRP and H 2 O 2 solution in PBS were added and the mixture was gently mixed to form a gel. An amount of 0.2-0.6 mg HRP per mmol of phenol moieties and H 2 O 2 /TA molar ratio of between 0.1 and 0.5 were applied. In a typical example, to a PBS solution of HA-TA (1 mL, 2% w/v), 10 mL of H 2 O 2 (1.5% v/ v) and 2.5 mL HRP (0.5 mg/ml, 162.5 U/ml) were added. The concentration of HRP and H 2 O 2 in the final solution was 4.9 mM and 0.4 U/ml, respectively. For developing platelet lysate incorporated hydrogels (HA-TA-PL constructs), HA-TA was dissolved in 50% (50% PBS) or 100% PL (pure PL) solution. The hydrogels with 50% and 100% PL were named HA-TA-PL50 and HA-TA-PL100, respectively. The platelet lysate was filtered using a 0.22 mm syringe filter before use. Heparin, at a final concentration of 2 U/ml, was added to the PL solution to prevent unwanted coagulation. Gelation times were determined with the vial tilting method. No flow upon inverting the vial was regarded as the gel state.
Physical characterization of hydrogel
The swelling ratio of HA-TA and HA-TA-PL hydrogels were calculated based on the weight of wet to dry hydrogel at different time points. Hydrogels were incubated in PBS at 37°C and at different time intervals, the hydrogels were removed, excess of water was wiped with a tissue, and weighed (W w ). The hydrogels were dried in oven at 37°C overnight to obtain the dry weight (W d ). The swelling ratio is expressed as the ratio of wet to dry weight (W w /W d ).
Rheological experiments were carried out with a MCR 301 rheometer (Anton Paar) using a parallel plate configuration (25 mm diameter, 0°) at 37°C in the oscillatory mode. In a typical experiment, fresh solutions of HRP and H 2 O 2 were added to different concentrations of the HA-TA dissolved in PBS or PL. The reaction conditions were 0.2 mg of HRP per mmol of phenol groups and different molar ratios of H 2 O 2 /TA to provide for various crosslinking densities. The hydrogels were made in a mold with 20 mm diameter and height of 3 mm. Hydrogels were subsequently put in PBS and incubated at 37°C overnight. The resulting gels were placed at the ground plate and the upper plate was lowered to a measuring gap size of approximately 3 mm to an initial force of 0.5 N/m 2 . The storage (G 0 ) modulus was recorded using a strain of 1% and a frequency of 1 Hz.
In vitro enzymatic degradation
On top of a 200 mL hydrogel 2 mL of PBS containing 50 or 0.5 U/ ml of Hyaluronidase was placed. The samples were incubated at 37°C. At different time points the hydrogels were removed, wiped with tissue and weighed (Wt). The hyaluronidase solution was refreshed every 2-3 days. The results are shown as the mass fraction of the original gel weight (Wi). The degradation time was defined as the time required to completely dissolve the hydrogel (n = 3).
Encapsulation of hMSCs in hydrogel
Human bone marrow derived mesenchymal stem cells were isolated as previously reported [51] , and cultured in MSC proliferation medium (a-MEM (Gibco) supplemented with 10% fetal bovine serum, 1% L-glutamine (Gibco), 0.2 mM ascorbic acid (Gibco), 100 U/mL penicillin, 10 mg/mL streptomycin and 1 ng/mL bFGF). The use of human material was approved by a local medical ethical committee. All reagents used were purchased from Invitrogen (Paisley, UK) unless otherwise stated.
Hydrogels containing hMSCs were prepared under sterile conditions by mixing precursor gel solutions and a cell suspension as described below. Gel precursor solutions of HA-TA and HA-TA-PL were made using PBS and platelet lysate, respectively, and HRP and H 2 O 2 stock solutions were made using PBS. The cell/gel constructs were made in a 96 round-bottom well plate. The final concentration of HA-TA was 2% (w/v) and the cell seeding density in the gels was 10 million cells/mL. Typically, 0.5 mL of a HA-TA polymer solution (2% (w/v)) containing HRP (concentration of 8 U/mL) was added to a hMSC pellet (10 Â 10 6 cells), and cells were resuspended by gently mixing. Separately, 0.5 mL of a HA-TA solution (2% (w/v)) containing H 2 O 2 (concentration of 9.8 mM) was prepared. Mixing of 20 mL of the solutions afforded 40 mL hydrogels. The final concentrations of H 2 O 2 and HRP were 4.9 mM and 4 U/ ml, respectively. After gelation, gels were removed from the 96-well plate and put into a 48-well plate with 500 mL of hMSC proliferation medium without bFGF. The culture medium was exchanged every 2 or 3 days.
hMSCs attachment, spreading and morphology
Using phase contrast microscopy, cell spreading in time in the different gel constructs was analyzed. To visualize F-Actin expression in encapsulated cells and the nuclei, FITC-labeled phalloidin and Dapi (Invitrogen) were used, respectively. Samples were harvested and put in 10% formalin overnight. Then, the samples were permeabilized using 0.1% v/v Triton X 100 in PBS. FITC-labeled Phalloidin was applied to the samples in a dilution of 1:40 followed by incubation for 30 min at room temperature in the dark. Then Dapi was added to counterstain the cell nuclei. After staining, cells were imaged using an EVOS digital microscope (Invitrogen, Netherlands).
Cell viability
Cell viability of the encapsulated cells was assayed by Live/dead kit at days 7 and 14. The hydrogel constructs were rinsed with PBS twice for 10 min each and then stained with calcein AM/ethidium homodimer using the Live-dead assay Kit (Invitrogen) according to the manufacturer's instructions. Hydrogel/cell constructs were visualized using a fluorescence microscope (EVOS). Living cells fluoresce green and the nuclei of dead cells red. Live/Dead staining also indicated the spreading of the cells in the hydrogels. Additionally, metabolic activity of the encapsulated cells was measured using a Prestoblue assay (Invitrogen). Briefly, samples were incubated with a 10% solution of Prestoblue in culture medium for 2 h. The absorbance was measured using a microplate reader at 560 nm excitation and 590 nm emission. Data are presented as average ± SD.
DNA quantification
The DNA content of the hydrogel/cell constructs was measured up to 14 days using a CyQuant DNA Assay kit according the manufacturer's description (Molecular Probes, Eugene, Oregon, USA), and using a fluorescent plate reader (excitation: 480 nm; emission: 520 nm) (Perkin-Elmer, Victor 3, USA). The hydrogels were washed with PBS and stored at À80°C. Prior to the assay, 1 mL of CDP-Star lysis buffer (Roche) was added to each hydrogel and the samples were smashed, homogenized, and incubated for one hour at room temperature. The standard curve for DNA analysis was generated with k DNA included in the kit.
Chondrogenic differentiation
HA-TA hydrogel samples (40 mL, 2% (w/v)) with or without platelet lysate were prepared with 1*10 7 cells/mL of passage 4 hMSCs, and gelation was induced by HRP and H 2 O 2 as described above. To each gel, 0.5 mL of chondrogenic medium composed of DMEM supplemented with 0.1 mM dexamethasone (Sigma), 50 mg/mL ascorbic acid, 100 mg/mL sodium pyruvate (Sigma), 40 mg/mL L-proline, 1% insulin-transferrin selenous acid-plus premix (BD Bioscience Pharmingen), 100 U/mL penicillin, 100 mg/mL streptomycin, and 10 ng/mL Transforming Growth Factor (TGF-b3) (R&D Systems), was added. hMSCs were retrieved from a single donor. For each condition three samples were cultured up to 35 days, and the culture medium was changed every two days.
Gene expression analysis
The ability of hMSCs to differentiate to chondrocytes and to form cartilaginous tissue in vitro was evaluated after culturing gel-cell constructs in differentiation medium up to 35 Days. At different time intervals, the samples were harvested from the chondrogenic medium, 1 mL Trizol (Invitrogen, Carlsbad, CA) was added to each sample and then snap freezed in liquid nitrogen. The hydrogels were dissociated with GentleMACS TM Octo Dissociator. Total RNA was isolated from the lysate according to the Trizol Isolation protocol. The concentration of RNA was measured using the Nanodrop 2000 (ND-1000 Spectrophotometer, Isogen LifeScience). Subsequently, the RNA (1 mg) was reverse transcribed into single strand cDNA using the iScript Kit (BioRad) according to the manufacturer's recommendations. The cDNA sample was analyzed using the ''SensiMix TM SYBR & Fluorescein kit" (Bioline) and a realtime PCR Cycler (Bio-Rad CFX96, Hercules, CA). Gene expression of collagen type I, II and X, aggrecan, and SOX 9 (Table 1) were analyzed and normalized to the expression of the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and fold changes were compared to those in the same group at day zero by using the 2 À(DDCt) method. For each reaction, a melting curve was generated to test primer dimer formation and non-specific priming. Error bars were means ± SD of three independent conditions, each measured in triplicates.
Histological, immunohistochemical and SEM analysis
Samples cultured for 28 days were fixed in 10% formalin overnight at 4°C and then washed with PBS. Then, the samples were transferred to a cryomold, filled with Cryomatrix TM (Thermo Scientific), and frozen using liquid nitrogen. The samples were kept at À80°C until cryosectioning. The sectioning was done using a cryostat (Cryotome TM FE) operating at À20°C. For each section, 10 mm cross sections along the flat plane of the construct were collected on SuperFrost Ò Plus Gold slides (Fisher Scientific). The slides were kept at À20°C until further analysis. Proteoglycan deposition and distribution was visualized by staining sections with Alcian blue and Safranin O. Typically, for Alcian blue staining, slides were stained for sulfated glycosaminoglycans (GAG) with a 0.5% (w/v) solution of Alcian blue (pH = 1, adjusted with HCl) for 30 min. The samples were then counterstained with nuclear fast red (0.1% (w/v) of nuclear fast red in 5% aluminum sulfate) for 5 min to visualize nuclei. The slides were washed with water and dehydrated. For Safranin O staining, after rehydration, the samples were counterstained with haematoxylin and fast green. After rinsing with acetic acid solution (1%, v/v), the sections were stained with Safranin O solution (0.1% v/v) and dehydrated. The presence of collagen I and II in the construct was detected using a DAKO kit. Collagen I antibody (ab90395) and collagen II antibody (ab3092) were used in 1:200 dilutions. For the negative control, the staining procedure was performed without using a primary antibody. A Hamamatsu Nanozoomer was used to obtain histologically and immunohistochemically images. Scanning Electron Microscopy (SEM) was used to see secreted collagen fibers. The hydrogel samples were dehydrated using a graded ethanol series (50% to 100%), dried using hexamethyldisilazane (HMDS, Merck), gold sputtered (Cressington 108auto) and imaged (JEOL benchtop SEM).
Statistical analysis
Each experiment was performed in triplicate unless otherwise specified. The results are presented as mean ± standard deviation (SD). Experimental data were analyzed for statistical significance using a one-way analysis of variance (ANOVA) with Turkey's post hoc analysis. Statistical significance was set to 
Results
Hydrogel preparation and characterization
The HA-TA conjugate was synthesized in a two-step procedure. First, part of the carboxylic acid groups of the hyaluronic acid were activated by conversion to NHS esters. The degree of substitution of carboxylic acid groups as determined form the 1 H NMR spectrum was 24%. In the second step, the NHS esters were reacted with tyramine to provide the HA-TA. According to the 1 H NMR spectral data, the degree of substitution calculated from the integral ratio of the tyramine phenolic protons and the hyaluronic acid methyl protons was 20% (Fig. S1 ). HA-TA hydrogels were prepared in a mold by addition of HRP and H 2 O 2 to the polymer solutions. Gelation times of HA-TA solutions at different concentrations of HRP and at a fixed H 2 O 2 /TA molar ratio of 0.25 (final concentration of H 2 O 2 is 1.25 and 2.5 mM for 1 and 2% (w/v) polymer concentration, respectively) were determined by the vial tilting method (Fig. 1a) . By increasing the mgHRP/mmolTA ratio, the gel forms faster and gelation times as low as 10 s were observed. The swelling ratios of 1 and 2% (w/v) HA-TA hydrogels prepared at a mgHRP/ mmolTA ratio of 0.3 and H 2 O 2 /TA molar ratio of 0.5 are presented in Fig. 1b . After approximately three hours the degree of swelling reaches a plateau and is lower at a higher polymer concentration because of the more densely crosslinked network formed. The storage moduli (G 0 ) of the HA-TA hydrogels after gelation were determined at 37°C by oscillatory rheology. As shown in Fig. 2a,b , an increase from 400 ± 130 to 2300 ± 160 Pa of the storage modulus is found when the polymer concentration was increased from 1 to 4% (w/v). Changing the amount of H 2 O 2 applied in hydrogel formation revealed that the storage modulus increased with an increased concentration of H 2 O 2 as a result of more crosslinks formed. The storage modulus is highest at a H 2 O 2 /TA molar ratio of 0.5 which is the theoretical ratio needed for complete crosslinking assuming only coupling of radicals and absence of polymerization reactions.
Hyaluronic acid is known to be degraded in the presence of Hyaluronidase, present in most tissues. To determine the degradation profile, two enzyme concentrations were applied for hydrogels prepared at polymer concentrations of 1, 2 and 4% (w/v) (Fig. 2c,d ). The general trend observed for the degradation of HA-TA hydrogels is an increase in water uptake as a result of network cleavage followed by complete dissolution. By increasing the polymer concentration, because of the more densely crosslinked network formed, the degradation rate is lower.
Effect of platelet lysate on hydrogel properties
The storage moduli, swelling ratios and degradation of hydrogels prepared by dissolution in PBS (HA-TA), 50% PL (HA-TA-PL50) and 100% PL (HA-TA-PL100) were determined at a mgHRP/ mmolTA ratio of 0.2 and H 2 O 2 /TA molar ratio of 0.5, and results are presented in Fig. 3 . The storage moduli of the HA-TA and HA-TA-PL50 hydrogels prepared appeared similar. Remarkably, when the PBS is fully replaced by platelet lysate (HA-TA-PL100) the storage modulus decreased (Fig. 3a) . The likely presence of catalase in the platelet lysate, which is also present in the whole blood, decomposes the H 2 O 2 and prevents complete crosslinking. Increasing the H 2 O 2 /TA molar ratio to 1, the storage modulus significantly increased 2.5-fold. Therefore, addition of excess H 2 O 2 compensates the loss of oxidative reagent and a storage modulus value similar as determined for the HA-TA hydrogel was achieved. The time and trends for complete degradation observed were similar for all hydrogels independent of the use of platelet lysate (Fig. 3c) . The swelling ratios for the HA-TA and HA-TA-PL50 were similar, but for HA-TA-PL100 appears lower (Fig. 3b) . In line with the swelling ratio results, during degradation, the Wt/Wi ratio for the HA-TA-PL100 was somewhat lower compared to the HA-TA and HA-TA-PL50 hydrogels.
3D cultivation of hMSCs
The effect of platelet lysate on cell adhesion and morphology was investigated by encapsulating hMSCs in the hydrogels. Cell encapsulated hydrogels were prepared by mixing cells into a polymer solution containing HRP and subsequent addition of a polymer solution containing H 2 O 2 . At different time points, phase contrast microscopy as well as F-Actin and Dapi staining were performed to observe the morphology of encapsulated cells. As shown in Fig. 4 , cells maintained their spherical morphology when encapsulated in a HA-TA hydrogel. In contrast, cells encapsulated in HA-TA-PL50 and HA-TA-PL100 hydrogels attached to the matrix and continued spreading over time. These effects were more pronounced for the HA-TA-PL100 hydrogels in which cells form an interconnected network. However, in the HA-TA-PL50 hydrogel the attached cells did not spread to a similar extend like in HA-TA-PL100 hydrogels and retained a more spherical morphology.
Viability and proliferation of encapsulated cells
The viability of the hMSCs in the hydrogels was determined using a Live/Dead staining (Fig. S2) . The staining showed high cell viabilities (>95%) in all samples at day 7 and 14. The spreading of the cells having a spindle like morphology in PL enriched hydrogels was also clear from a Calcein-AM staining. The metabolic activity of the cells was determined by a Prestoblue assay. As shown in Fig. 5a , the use of PL in hydrogel constructs (HA-TA-PL50 and HA-TA-PL100) significantly increased the activity of the encapsulated hMSCs, while for the HA-TA hydrogel a decrease was observed. A CyQuant DNA assay was used to evaluate the proliferation of the hMSCs in the hydrogels up to day 14 (Fig. 5b) . In HA-TA hydrogels the DNA amount decreased significantly after one day and then remained constant which could be related to escape of the cells from the hydrogel. However, in a HA-TA-PL100 construct, the DNA content increased 1.5-fold from day 1 to day 7, which is in line with the increased metabolic activity. From day 7 to day 14 no further changes were observed. For the HA-TA-PL50 hydrogel, the DNA content initially decreased, but after 3 days started to increase. After 2 weeks of culture, the DNA amount in PL loaded hydrogels was much higher than in the HA-TA hydrogel. The metabolic activity corrected for the DNA content of each construct as presented in Fig. 5c was significantly higher after three days of culture for the HA-TA-PL50 and HA-TA-PL100 than HA-TA constructs. Fig. 4 . Morphology of cells at days 3 and 7 encapsulated in a 2% (w/v) HA-TA hydrogel with or without PL. FITC-labeled phalloidin and Dapi were used to stain the F-Actin and nucleus of the cells at day 7. Cells attached and spread in constructs prepared using platelet lysate while a HA-TA hydrogel showed no cell attachment and spreading. The black scale bar is 100 mm, and the white scale bar is 200 mm. Fig. 3 . Physical properties of hydrogels incorporated with platelet lysate. a) Storage moduli of 2% (w/v) HA-TA, HA-TA-PL50 and HA-TA-PL100 hydrogels prepared by dissolution of a hyaluronic acid tyramine conjugate in PBS, 50% and 100% PL followed by enzymatic crosslinking, ''R" is the H 2 O 2 /TA molar ratio; b) Swelling ratio of 2% (w/v) hydrogels; c) Degradation profile of 2% (w/v) HA-TA hydrogels exposed to a 0.5 U/ml Hyaluronidase solution. Every hydrogel was prepared at a H 2 O 2 /TA molar ratio of 0.5 except for the HA-TA-PL100 which was 1, and mgHRP/mmolTA ratio of 0.2.
The results showed that, the cellular growth is supported by bothHA-TA-PL100 and HA-TA-PL50 hydrogels while inhibited by HA-TA construct.
Chondrogenic induction
hMSCs laden hydrogels in the presence or absence of the platelet lysate were cultured in chondrogenic induction medium. The morphology of the cells during differentiation was visualized with phase contrast microscopy (Fig. 6 ). In the absence of PL, the cells remained round similarly as in expansion medium (Fig. 4) . However, encapsulated hMSCs in PL loaded hydrogels, especially for the HA-TA-PL100 construct, maintained a more round and chondrocyte-like shape in contrast to the spindle cell shape in normal culture medium. F-actin/Dapi staining was performed to visualize the cell morphology inside the PL enriched hydrogels after 28 days differentiation (Fig. 6a) . The HA-TA hydrogel was completely degraded after 4 weeks. Clearly, the cells in the HA-TA-PLA50 and HA-TA-PLA100 have a chondrocyte-like morphology in the 3D environment. The macrostructure of the HA-TA-PL100 hydrogel at days 1 and 28 of differentiation is presented in Fig. 6b . The initially transparent hydrogel became a very tough and opaque structure with smaller size. For HA-TA-PL50 a similar tough construct was produced after 4 weeks (not shown).
Gene expression
For all hMSCs incorporated hydrogels in the presence or absence of PL, and at different time points (day 7, 14, 21 and 35), the expression of the chondrogenic related genes ACAN, Col II, and Sox 9, and also the expression of Col I and Col X were evaluated by real-time PCR (RT-PCR) (Fig. 7) . Because the HA-TA hydrogel was degraded after 3 weeks no data are available for day 35 of this hydrogel. The expression of Col II for both HA-TA-PL50 and HA-TA-PL100 is much higher than for the HA-TA hydrogel which indicates a positive effect of PL in up-regulation of this important cartilage marker. No significant differences in expression of Col II observed for the HA-TA hydrogel over time. Importantly, the HA-TA, HA-TA-PL50 and HA-TA-PL100 hydrogels did not indicate significant decrease or increase in the expression level of Col I, a main component of fibrous cartilage, and also Col X up to day 21. For the HA-TA-PL50 construct, the Col I expression was down regulated after 3 weeks. However, for both PL loaded constructs the expression of Col X at day 35 was significantly higher than at day 7 (pvalue = 0.02). There is an increase in the ACAN mRNA level for all types of hydrogels over time in culture. The expression of SOX 9, as a major chondrogenic regulator, increased and maximized at day 21 for all hydrogels and then it started to decrease for PL enriched constructs. As shown in Fig. 7f the ratio of Col II/Col I in PL loaded hydrogels was improved and became pronounced during culture while did not change significantly in HA-TA construct.
Histological analysis and immunohistochemistry
The accumulation of a chondrogenic specific ECM in the hydrogel/cell constructs was examined by histological analysis.
For visualizing glycosaminoglycans and proteoglycans in a cartilage-like extracellular matrix, Alcian blue and Safranin O staining were performed (Fig. 8) . As the hyaluronic acid is a GAG, it gives a positive staining for both Alcian blue and Safranin O. At day 1 the stained sections show a highly porous structure of the cell-laden HA-TA hydrogel (Fig. 8a,d ), which remains similar at day 7 (data not shown). At day 28, the HA-TA hydrogel is fully degraded and no sample could be retrieved. For PL containing hydrogels the staining at day 1 is similar as for the HA-TA hydrogel (data not shown). Interestingly, in PL loaded hydrogels, after 4 weeks of culture in chondrogenic medium (Fig. 8b,c,e,f) , the pores are almost absent, cells are rounded and reside within lacunae. Also, in HA-TA-PL50 and HA-TA-PL100 constructs the intensity of the stained areas are not the same everywhere, and stronger stained zones are visible which may show the deposition of newly produced GAGs. Another possibility of the observed higher stained areas is the local shrinkage of the hydrogel through chondrogenesis which makes these areas denser. As it was shown in Fig. 6b , the HA-TA-PL100 samples were remodeled into tough and cartilage-like constructs during chondrogenesis. At day 35, after fixation with 10% formalin, the samples were treated with 200 U/ml HAase for 2 days to digest all hyaluronic acid and dissolute the proteoglycans present. Alcian blue/Fast red and Safranin O/ Hematoxylin staining were performed on the sections of HA-TA-PL100 before and after HAase treatment, and the results are shown in Fig. 8g,h, and Fig. 8i ,j, respectively. Images show that enzymatic digestion of the hyaluronic acid, which can be initially present or newly deposited HA and attached proteoglycans, leaves a matrix with cells. The cells nuclei were stained with Fast red and Hematoxylin. Also, the macroscopic appearance of the construct before and after treatment with HAase did not change as it was shown in Fig. 8g ,h. This shows that the cells definitely had produced new matrix and they were embedded in their ECM.
The production of collagen types II and I in the final construct was visualized by immunohistochemistry using a specific human Col II and I binding antibody (Fig. 9a-f) . The Collagens stained brown and the nuclei counter stained purple. Highly dense cell areas can be observed. The cells are surrounded by collagen II , and f) HA-TA-PL100 hydrogels at day 28 of chondrogenesis. For the negative control, the staining procedure was performed without using a primary antibody. Scale bar is 100 mm. g) SEM image of the produced collagen fibers in HA-TA-PL100 sample after 35 days of chondrogenesis. Scale bar is 10 mm, h) magnification of the fibrous matrix, scale bars are 1 mm.
and I mimicking the production of a cartilage like tissue. The deposition of the collagen fibers was confirmed by SEM analysis of a HA-TA-PL100 hydrogel (Fig. 9g,h ).
Discussion
Nowadays Platelet-rich blood derivatives like platelet rich plasma (PRP) and platelet rich fibrin (PRF) are studied for their use in regenerative medicine. Both PRP and PRF have a high concentration of platelets that release growth factors and bioactive proteins that may initiate and accelerate tissue repair and regeneration [52] . The effects of using this autologous blood product on regeneration of bone, cartilage, tendon and skin have been discussed in several studies [52] [53] [54] [55] . However, the effectiveness of PRP in clinical uses has shown some limitations which may be related to the variability in the PRP composition between different donors [56] [57] [58] . Age, sex, and patient comorbidities affect the composition of this blood derivative. In addition to the intra-patient variation, there is no standardized protocol for the preparation of PRP which can lead to inconsistent clinical results [59] . Moreover, it is not well studied how these variations will affect stem cell behavior and regeneration in vivo [36, 60] . A drawback of PRF gels is their low mechanical properties and fast degradation that hamper application in load bearing regions, such as joints [52] . Growth factors are very fast released from platelets and have a short halflife hampering their effectiveness for the longer time periods needed for tissue repair [61] . Platelet lysate, as a protein rich solution, represents a new and exciting opportunity for tissue engineering. PL contains structural constituents of the ECM such as thrombospondin, vitronectin, and fibronectin which enhances cell adhesion and interaction between cells [62] . Combining PL with biomaterials to maintain the beneficial effects of PL over a longer period of time is an approach that received attention more recently [29, 37, 63] . The commercial PL used in this study was obtained from several human platelet batches, containing over 2*10 11 platelets according the manufacturer. The platelets were pooled to decrease batch to batch variation and exposed to three repeated freeze-thaw cycles to lyse the platelets. After centrifugation to remove cell debris, the supernatant was filtered.
Combining the advantageous properties of platelet lysate with in situ forming hyaluronic acid tyramine conjugate hydrogels by enzymatic crosslinking can provide injectable hydrogels that boost tissue regeneration. HA was chosen since it is a biocompatible and biodegradable material and constituting one of the main components of the cartilage. Furthermore, it is a negatively charged polymer which enables electrostatic interaction with positively charged growth factors like FGF-2 (pI = 9.6), VEGF (pI = 8.5), and TGF-b1 (pI = 8.83) present in PL. Gels formed by dissolving the polymer in PBS or PL, and subsequent addition of HRP and H 2 O 2 , had a similar swelling and degradation behavior. The mechanical properties of a hydrogel prepared using pure platelet lysate as a medium (HA-TA-PL100) appeared lower than a similar hydrogel prepared using PBS (Fig. 3a) . This is likely due to the presence of catalase in the platelet lysate. Catalase is known to decompose H 2 O 2 , thereby preventing complete crosslinking. Using a two-fold higher amount of H 2 O 2 compensated the effect of hydrogen peroxide decomposition and increased the storage modulus to a value comparable to crosslinking using PBS as a medium.
In human mesenchymal stem cell (hMSC) laden hydrogels the presence of PL had a clear impact on cell morphology and cellular function like spreading and proliferation (Fig. 4) . While cells in HA-TA hydrogel were round, cells in PL containing gels showed a more spindle shape like morphology. This effect was strongest in HA-TA-PL100 gels in which cells form an interconnecting network. The change in morphology is likely due to the presence of fibrinogen, fibronectin and vitronectin in PL which enable cell attachment, spreading and migration [64] [65] [66] . Integrin binding happens via the arginine-glycine-aspartic acid (RGD) sequence present in these proteins [67] . Additionally, the presence of some growth factors like Platelet-derived growth factor (PDGF) which is abundant in PL may contribute to cell adhesion [68] . Although, hyaluronic acid itself interacts with cells via CD44, a cell membrane adhesion receptor [69] , it is unable to serve as substrate for key adhesion receptors such as integrins [70, 71] . The HA-TA-PL100 hydrogel allowed extensive cell spreading, while the HA-TA-PL50 showed an intermediate behavior (Fig. 4) . The higher amount of proteins present in HA-TA-PL100 likely provides more cell adhesion sites. Another reason may be related to the lower crosslink density of the HA-TA-PL100 hydrogel. As mentioned before, the catalase, which is present in PL, decomposes the H 2 O 2 molecules, resulting in a less crosslinked network. Moreover, decreasing the HA concentration from 2% (w/v) to 1% (w/v) in HA-TA-PL100 constructs, while keeping the crosslinking density constant (H 2 O 2 /TA molar ratio equal to 0.5), increased the rate of cell spreading (Fig. S3) . The storage modulus of the 1 and 2% (w/v) HA-TA hydrogels is 439 and 1250 Pa, respectively, which is considered a soft gel. As it was shown in Fig. S3 , initial cell attachment and spreading process happened faster in 1% (w/v) hydrogel compared to the 2% (w/v) hydrogel. This inverse relationship between stiffness and cell spreading was also shown previously by Yuguo and coworkers [70] .
A Live/Dead and Presto blue assay revealed encapsulated hMSCs were alive and metabolically active during culture (Figs. S3 and 5a). However, the metabolic activity of the encapsulated cells in HA-TA constructs tends to decrease over time. PL appears to have a vital role in the enhancement of the cell metabolic activity. The presence of a multitude of entrapped growth factors in HA-TA-PL hydrogels may promote cell metabolic activity especially in the early stages. For the HA-TA-PL50, the initial decrease in DNA content could result from the escape of cells from the construct, but increased in the following weeks showing cellular proliferation. Higher cellular growth was observed in HA-TA-PL100 gels compared to HA-TA-PL50 gels which shows that the hMSCs interact to a higher extend with the HA-TA-PL100. The presence of more binding sites in HA-TA-PL100, as a result of higher PL concentration, could facilitate cell spreading and thus induce an increase in cell proliferation.
The ability of encapsulated hMSCs in HA-TA, HA-TA-PL50 and HA-TA-PL100 hydrogels to undergo chondrogenesis when incubated in chondrogenic medium was investigated. Unlike the stretched form of the hMSCs in a HA-TA-PL100 hydrogel incubated in culture medium, the cells do not elongate when the construct was incubated in chondrogenic medium (Fig. 6) . The upregulation of collagen type II and the down-regulation of collagen type I gene expression in PL loaded hydrogels shows that PL leads hMSCs differentiation towards a hyaline cartilage lineage. Based on immunohistochemistry study showing collagen type II and type I formation (Fig. 9a-f ) chondrogenesis takes place throughout the construct and all cells are completely embedded between collagen fibers. The chondrocytic morphology of the cells in the construct can be observed for both HA-TA-PL50 and HA-TA-PL100. Also, the area covered by collagen fibers appears the same for both PL containing hydrogels. It can be concluded that although the concentration of PL has a vital role in spreading, metabolic activity and thus proliferation of the cells encapsulated in the 3D hydrogel during culture in expansion medium, it may not have a significant effect on cell chondrogenesis. Both HA-TA-PL50 and HA-TA-PL100 support MSCs differentiation, and finally they will be remodeled to a cartilaginous construct.
Chondrogenesis of mesenchymal stem cells in hyaluronic acid hydrogels has been addressed in a few studies. Toh et al. described the effect of the degree of crosslinking of hyaluronic acid hydrogel on the chondrogenesis of MSCs and found that soft matrices enhanced chondrogenesis and hyaline cartilage formation [30] . With increasing hydrogel stiffness cells were more elongated and differentiated towards a fibrous phenotype and fibrous tissue was produced. In the present study it was observed that cells can spread and elongate in the HA-TA-PL100 construct and differentiate to chondrocytes and produced abundant collagen type II, revealing that cell adhesion also plays a role in chondrogenesis. In another paper, Bian et al. described a methacrylated HA hydrogel prepared via photocrosslinking and investigated the effect of crosslinking density on the hypertrophic differentiation of encapsulated MSCs [72] . For softer hydrogels with Young's moduli below 10 kPa, a lower expression of collagen type X, a hypertrophic marker, was reported. However, UV-mediated crosslinking may compromise the biocompatibility of the hydrogel and have negative effects on encapsulated cells.
After cell encapsulation in the hydrogel the structure of the hydrogel will change. As shown in Fig. S4 , a HA-TA-PL hydrogel without cells has a highly porous network, while the cell-laden construct appeared denser. The structure of HA-TA-PL100 at day 28 ( Fig. S4) after chondrogenesis revealed the absence of macro pores and cells embedded in a new matrix.
When the hydrogels were put in chondrogenic medium allowing cells to undergo chondrogenic differentiation, remodeling occurred for all samples (Fig. S5) . At day 14, the diameter of the HA-TA, HA-TA-PL50 and HA-TA-PL100 reduced to 92 ± 2%, 95 ± 3% and 74 ± 2% of the original diameter, respectively. In the following week the HA-TA hydrogel started to swell and was completely degraded at week four, while the HA-TA-PL50 and HA-TA-PL100 constructs continued remodeling to 81 ± 4% and 58 ± 3% of the initial hydrogel diameter. The contraction is simultaneous with accumulation of newly deposited matrix. In addition, degradability of hydrogel is also considered to be essential to deposit matrix components toward the formation of functional tissue structures. In PL loaded constructs the formation of the new matrix by the cells and the degradation of the original network appear to occur at the same pace. In both constructs, the cells underwent chondrogenesis and they produced extracellular matrix as shown in Fig. 9 . By using 50%v/v of PL as a medium in the preparation of hydrogels, ECM production appears more favorable because of the largely retained volume of the newly formed matrix compared to the starting gel volume.
Conclusion
In this study, an enzymatically crosslinked HA-TA hydrogel was complemented by incorporation of platelet lysate as an autologous source of growth factors and stimuli. Our data shows that injectable HA-TA hydrogel loaded with platelet lysate is an easy-to-apply approach and can be used for cell delivery purposes. The platelet lysate provides biological cues to cell hydrogel constructs rendering it a proper substrate for cell attachment and growth. The mild gelation condition of this in situ forming hydrogel allows retention of the cells and platelet lysate in the hydrogel at the defect site. The ability of platelet lysate to stimulate chondrogenesis of mesenchymal stem cells encapsulated in hyaluronic acid hydrogels is expected to provide a viable treatment to address cartilage defects. Although the result of using PL loaded hydrogel for cartilage defect repair are encouraging, the exact amounts of the bioactive molecules present in the hydrogel and the ratios between them should be determined in order to achieve the desired effect in vivo.
